Macrophages are phagocytic cells from the innate immune system, which forms the first line of host 21 defense against invading pathogens. These highly dynamic immune cells can adopt specific functional 22 phenotypes, with the pro-inflammatory M1 and anti-inflammatory M2 polarization states as the two 23 extremes. Recently, the process of macrophage polarization during inflammation has been visualized 24 by real time imaging in larvae of the zebrafish. This model organism has also become widely used to 25 study macrophage responses to microbial pathogens. To support the increasing use of zebrafish in 26 macrophage biology, we set out to determine the complete transcriptome of zebrafish larval 27 macrophages. We studied the specificity of the macrophage signature compared with other larval 28 immune cells and the macrophage-specific expression changes upon infection. We made use of the 29 well-established mpeg1, mpx, and lck fluorescent reporter lines to sort and sequence the 30 transcriptome of larval macrophages, neutrophils, and lymphoid progenitor cells, respectively. Our 31 results provide a complete dataset of genes expressed in these different immune cell types and 32 highlight their similarities and differences. Major differences between the macrophage and 33 neutrophil signatures were found within the families of proteinases. Furthermore, expression of 34 genes involved in antigen presentation and processing was specifically detected in macrophages, 35 while lymphoid progenitors showed expression of genes involved in macrophage activation. 36
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Comparison with datasets of in vitro polarized human macrophages revealed that zebrafish 37 macrophages express a strongly homologous gene set, comprising both M1 and M2 markers. 38
Furthermore, transcriptome analysis of low numbers of macrophages infected by the intracellular 39 pathogen Mycobacterium marinum revealed that infected macrophages change their transcriptomic 40 response by downregulation of M2-associated genes and overexpression of specific M1-associated 41 genes. Among the infection-induced genes, a homolog of the human CXCL11 chemokine gene, 42 cxcl11aa, stood out as the most strongly overexpressed M1 marker. Upregulation of cxcl11aa in 43
Mycobacterium-infected macrophages was found to require the function of Myd88, a critical adaptor 44 molecule in the Toll-like and interleukin 1 receptor pathways that are central to pathogen 45
Introduction 49
Macrophages are phagocytic innate immune cells that, together with neutrophils, form the cellular 50 arm of the first line of host defense against invading pathogens. The activation of macrophages is 51 initiated by the recognition of microbial and danger signals by Pattern Recognition Receptors (PRRs), 52 such as the Toll-like receptors (TLRs), which recruit MYD88 and related adaptor molecules for signal 53 transduction to MAP kinases and Nuclear Factor κB (NFκB) (1). The signaling pathways downstream 54 of TLRs and other PRRs regulate the transcription of a large number of genes that are involved in 55 signaling between immune cells (cytokine and chemokine genes) and in host defense (1; 2). To exert 56 their anti-microbial function, macrophages employ several mechanisms, such as the production of 57 reactive oxygen and nitrogen species, the production of antimicrobial peptides, and the degradation 58 of microbes through the phagosomal-lysosomal and autophagy pathways (3). Following successful 59 elimination of microbial invaders, macrophages mediate the resolution of inflammation by clearing 60 cellular debris and eliminating the surplus immune cells that are undergoing cell death at the 61 infection site (4). In addition to these primary functions in infection and inflammation, macrophages 62 orchestrate a range of developmental processes. For example, macrophages interact with 63 endothelial cells to support angiogenesis (5; 6) , help control definitive hematopoiesis (7), and 64 facilitate electrical conduction in the heart (8). Thus, macrophages are highly versatile cells, not only 65 functioning as central players in the immune system, but also contributing to organismal 66 development and maintenance of homeostasis. 67
Macrophages can adopt different states of activation, which are classically divided into a pro-68 inflammatory M1 state and an anti-inflammatory M2 state (9). These states are characterized by 69 distinct cytokine and chemokine expression patterns as well as different metabolic profiles. However, 70 it is clear that many intermediate phenotypes exist and that the distinction between M1 and M2 71
states is a simplification of how macrophage polarization occurs in different organs and tissues and in 72 response to different stress signals (9). Macrophage polarization plays a major role in the context of 73
Materials and Methods 139

Zebrafish husbandry and infection experiments 140
Zebrafish lines in this study were handled in compliance with local animal welfare regulations as 141 overseen by the Animal Welfare Body of Leiden University (License number: 10612) and maintained 142 according to standard protocols (zfin.org). All protocols adhered to the international guidelines 143 specified by the EU Animal Protection Directive 2010/63/EU. All experiments with these zebrafish 144 lines were done on larvae before the free-feeding stage. Zebrafish lines included AB/TL, Tg 145 (mpx:eGFP) i114 (27) , +/+ siblings (41). Embryos were grown at 28.5°C in egg water (60 µg/ml Instant Ocean sea 148 salts). Mycobacterium marinum M or its RD1-deficient (ΔRD1) isogenic strain (42) containing pSMT3-149 mCherry (43) was grown and prepared for injections as described (44) and microinjected into the 150 caudal vein of embryos at 28 hours post fertilization (hpf) using, where not differently specified, a 151 dose of 100-125 colony-forming units (cfu) per embryo. After injection, embryos were transferred 152 into fresh egg water and incubated at 28°C for 4 or 5 days before collection. Proper infection was 153 controlled by fluorescent imaging before embryo dissociation. 154
Embryo dissociation and Fluorescent Activated Cell Sorting (FACS) 155
Immune cells from 5-6 dpf larvae were isolated by FACS as described previously (45). Briefly, live 156 embryos were rinsed in calcium free Ringer solution for 15 min and then digested with 0.25% trypsininstructions (Bio-Rad Laboratories). Expression of cxcl11aa was analysed using the ΔΔCt method and 189 was normalized against ppiab for whole-mount analyses and to eif5 for FACS sorted cells. 
RNA-sequencing on 20 sorted cells 195
Dissociation and cell sorting of infected embryos were performed as mentioned previously. 20 cells 196
were sorted directly in cDNA synthesis buffer from the SMARTer Ultra Low RNA Kit for Illumina 197 sequencing (Clontech) and used directly for cDNA synthesis. The resulting cDNA were amplified for 198 20 cycles and used for library preparation and single-end Illumina sequencing as mentioned above. 199
RNA-seq data analysis 200
Image analysis and base calling were done using the Illumina HCS version 1.15.1. Quality trimmed 201 reads were aligned to the Ensembl zebrafish genome (Zv9) using Bowtie and reads were mapped to 202 zebrafish transcripts using TopHat and a modified version of the Ensembl Zv9_79 annotation with 203 additional manually annotated genes (Table S1) The macrophage-specific transcriptome of zebrafish larvae 213
To determine the gene expression signature of macrophages, we used mpeg1-driven reporters 214 expressing Kaede or mCherry fluorescent proteins (19; 20; 25) . RNA was extracted from positive and 215 negative fluorescent cell fractions obtained by FACS sorting of single cell suspensions obtained by 216 dissociating 5 or 6 dpf transgenic larvae. Illumina sequencing (RNAseq) of RNA samples from labelled macrophages at 5 dpf and 6 dpf and mCherry-labelled macrophages at 6 dpf, each in 218 duplicate, resulted in a total of 6 replicates. Reproducibility between these replicates after alignment 219 and mapping of the reads was high, as shown by calculation of the Pearson correlation coefficient 220 ( Figure S1 ). Principal component analysis (PCA) showed that all macrophage samples segregated 221
clearly from the samples of negative fluorescent cell fractions. Furthermore, PCA indicated minor 222 differences between samples from macrophages with Kaede and mCherry markers and between the 223 Kaede-labelled macrophages at 5 and 6 dpf ( Figure S2A ). Between 12110 and 16280 genes were 224 expressed (FPKM ≥ 0.3) in the macrophage populations (Table S2, Table S3 ) and a total of 13185 225 genes were shared in at least two of the three conditions. Together, these results indicate that our 226 protocol of RNAseq on FACS sorted cells from zebrafish larvae produces high quality results. 227
We performed differential expression (DE) analysis on the duplicates from the three different 228 conditions by comparing results from fluorescence positive cell fractions with the related fluorescent 229 negative cell fractions. By selecting an adjusted p-value threshold of 0.05, we detected a similar 230 number of genes expressed specifically in Kaede-labelled macrophages at 5 and 6 dpf (715 and 703 231 genes respectively), whereas more genes were detected in the 6dpf mCherry-labelled macrophages 232 (1953 genes) . Comparison between the different conditions showed a high overlap between the 233 enriched gene sets ( Figure 1A ). To produce a complete and accurate description of the macrophage 234 transcriptome in the larvae, we selected the genes that met the significance threshold in at least two 235 out of the three conditions. This dataset, hereafter named zebrafish macrophage (zfM) core 236 expression set, contains 744 genes ( Figure 1A , Table S4 ). 237
The zfM core dataset includes the main genes that are known to be specific for macrophages and 238 myeloid cells in zebrafish larvae ( Figure 1B ). For example, in addition to mpeg1 itself, the 239 macrophage-specific genes csf1ra, mhc2dab, the myeloid genes spi1a and b, and the pan-leukocyte 240 markers coro1a, ptprc and ptpn6 were detected (25; 49). Network visualization of Gene Ontology 241 (GO) terms revealed enrichment of biological processes linked to innate immune response and 242 inflammation, antigen processing and presentation, signal transduction, peptidase activity, 243 chemotaxis and actin filament organization and polymerization ( Figure 1C ). Similarly, GO terms for 244 molecular function were clearly linked to immune cell function and defense mechanisms ( Figure S3) . 245
Among the genes from the zfM dataset, 34% (254 out of 754) corresponded to uncharacterized 246 proteins or non-coding RNAs. Manual annotation showed that many of these uncharacterized 247 sequences belong to large immune-related protein families, including the immunoglobulins (36), the 248 C-type lectins (13) and NACHT/LRR proteins (8) (Table S4 ). Other uncharacterized genes were also 249 related to immunity, such as genes coding for proteins with chemokine/interleukin-like domains, 250 chemokine receptor like domains, interleukin receptor-like domains, complement domains, 251 leukotriene receptor like domains or MHC class II alpha and beta chains. In addition, 38 genes 252 correspond to non-coding RNAs, long-intronic-non-coding RNAs or processed transcripts, of which 253 the possible role in immunity is of interest for further study. 254
255
Comparison of zebrafish macrophage and neutrophil expression 256
For comparison with the macrophage transcriptome, we studied the neutrophil transcriptome by 257 sequencing the fluorescent cell population extracted from 5dpf mpx:gfp larvae (two replicates). A 258 total of 14241 genes were found expressed in neutrophils (FPKM ≥ 0.3, Table S2, Table S3 ). Selection 259 showed a small overlap between the two populations ( Figure 2C ). None of the macrophage or 285 neutrophil markers was detected in the lymphoid cell transcriptome, except for il12bb, although it is 286 less expressed. On the opposite, several known lymphocyte markers were detected only in this cell 287 population ( Figure 2C ). GO analysis showed also little overlap with processes detected in myeloid 288 cells ( Figure 2D) . Surprisingly, very few terms were associated to immune function, except for 289 chemotaxis, regulation of peptidase activity and actin filament organization, also shared with the 290 myeloid lineage. However, these groups are composed of different genes. For example, the 291 proteases expressed by lymphoid cells mainly belong to the proteasome (Figure 3) . A closer look to 292 immunity-related genes showed the presence of chemokines and chemokine receptors as well as 293 MHC class II genes, but expressed at a low level compared to myeloid cells (Figure 3) . Two perforin 294 genes were also highly expressed in lymphoid cells only. The main enriched GO terms in the 295 lymphoid cells were found to be associated with metabolic processes, cell cycle, and ribosome 296 biogenesis ( Figure 2D ), which might reflect the immature status of this cell population in developing 297 zebrafish larvae. 298
299
Similarity between the zebrafish macrophage transcriptome and human polarized macrophage 300 transcriptomes 301
By real time imaging of macrophages in a dual fluorescent mpeg1 and tnfa reporter line evidence has 302 been obtained that zebrafish larvae differentiate M1 and M2 like polarized macrophages in response 303 to wounding and infection (16). We found that the known M1 (il1b, tnfa/tnfb, il6) and M2 (cxcr4b, 304 il10, ccr2) markers were expressed in the zfM core expression set. Additionally, the zebrafish 305 homologs of human M1-markers CXCL11 (cxcl11aa), IDO1 (ido1), MMP9 (mmp9) and TNFRSF1B 306 (tnfrsf1b) and the M2-markers ALOX5AP (alox5ap), CLEC4A (si:ch211-170d8.8), MARCO (marco) and 307 TGFB1 (tgfb1b) were also detected in our zfM core dataset (Table S4) . 308
To investigate further the similarities with human macrophages, we compared our transcriptomic 309 data with RNA sequencing data published by Beyer et al. (2012) (40) , in which transcriptomes of in 310 vitro polarized M1 and M2 macrophages were analysed. 311
By using Biomart (http://www.ensembl.org/biomart/) combined with custom annotations, we 312 retrieved the human homologs of the total of 13185 genes expressed in mpeg1-positive 313 macrophages and identified 9780 human genes with a HGNC symbol. Approximately three quarters 314 of this human homolog set were also found among the set of 12327 genes expressed in human M1 315 cells (73,1%) and among the 12488 genes expressed in M2 cells (73,6%) (RPKM > 0,3) ( Figure 4A) . 316
Similar proportions of the human homologs from the zfM core expression set (for which 524 human 317 homologs were identified, see Table S7 ) were found in human M1 (75,8%) and M2 (76,2%) 318 macrophages ( Figure 4A ). Among those genes, only 11 were expressed exclusively in human M1 319 macrophages and 13 exclusively in M2 macrophages. These observations suggest that zebrafish 320 macrophages are composed by a mixed population of M1 and M2 type macrophages. 321
322
A total of 114 homologs from the zfM core expression dataset were not present in the M1 or M2 323 polarized human macrophage datasets ( Figure 4A ). Among these were the known M1 marker 324
Interleukin 12B and the M2 marker mannose receptor C type 1 (MRC1). Other genes detected 325 exclusively in the zfM expression set were associated to the molecular function carbohydrate 326 binding, serine-type endopeptidase inhibitor activity and NAD(P)+ protein arginine ADP-327 ribosyltransferase activity, and involved in peptidoglycan catabolic processes ( Figure 4B ). Genes 328 coding for several members of the SerpinB serine protease inhibitor family, the peptidoglycan 329 recognition protein Pglyrp family, metalloproteases (Mmp13a), as well as cytokines (Tnfs11, Il21) and 330 cytokine receptors (Ccr9a, Cxcr3.2, Cxcr3.3, Il22ra2) are present in these categories. The absence of 331 these genes in the human M1 and M2 sets might be due to low expression levels in in vitro cultured 332 cells. 333 proceeding immediately to cDNA synthesis and amplification without RNA extraction. These 357 modifications of the protocol led to reproducible results ( Figure S2 , Figure S3 ). Differential expression 358 analysis between infected and uninfected macrophages identified 330 upregulated and 139 359 downregulated genes (P-adj < 0.05) ( Figure 5A , Table S8 ). GO analysis identified two terms enriched 360 in the downregulated genes only: cell cycle and blood vessel morphogenesis. This group, often 361 related to immune cell migration, included the genes flt1/VEGFR1, known to be expressed in mouse 362 M2 macrophages in vitro (51; 52), and ptprja/CD148, expressed by human macrophages under 363 exposure to LPS and other TLR-ligands but repressed under CSF-1 treatment (53). Performing GO 364 analysis on the human homologs of this set of genes identified the terms transcription coactivator 365 activity, NADP or NADPH binding and serine hydrolase activity associated to upregulated genes 366 ( Figure 5B ) and protein localization to downregulated genes. 367
Our analysis revealed several Mm-induced genes that could play important roles in host defense. 368
These include for example CIITA, the master transactivator of MHC class II gene expression, which 369 has previously been described to be important for limiting M. tuberculosis infection in mice (54). 370
Another Mm-induced gene is the mpeg1-family gene mpeg1.2, which we have previously shown also 371 to be inducible by Salmonella infection (21). The mpeg1 genes encode proteins of the perforin family 372 with proposed anti-bacterial functions in macrophages that require further mechanistic dissection 373 (21). On the other hand, other overexpressed genes could be more beneficial for the survival of the 374 bacteria. The gene nsfb, the zebrafish homolog of the human N-ethylmaleimide sensitive factor, has 375 been proposed to promote the fusion of phagosomes containing live Salmonella with the early 376 endosome and repress their transport to lysosomes (55), whereas the acap1 gene promotes 377 Salmonella invasion (56). 378
379
To explore the possible polarization of the Mm-infected zebrafish macrophages, we compared the 380 differentially expressed gene set with the transcriptomes of M1 and M2 in vitro polarized 381 macrophages reported by Beyer et al. (2012) (40) . We found that 18 M1-enriched genes (log 2 FC > 1) 382 were overexpressed in infected macrophages and 2 were downregulated whereas 26 M2-enriched 383 genes (log 2 FC < -1) were upregulated and 6 were downregulated ( Figure 5C ). Although GSEA showed 384 no significant association of the upregulated genes with either M1-or M2-enriched genes ( Figure 5D , 385 top panel), the genes downregulated in Mm-infected macrophages were clearly associated to M2-386 polarized human macrophages ( Figure 5D, lower Irrespective of the answer to this question, it can be argued that some of the induced genes benefit 533 the pathogen rather than the host. For example, we detected induced expression in Mm-infected 534 macrophages of genes (nsfb, acap1) that promote the survival of bacteria in phagosomes (55; 56). A 535 gene that is induced strongly and reproducibly among all replicates, cxcl11aa, could have both host-536 beneficial and host-detrimental effects. This gene, which is a homolog of the human M1 marker 537 CXCL11, encodes a chemokine that mediates macrophage recruitment to infection foci through 538 interaction with chemokine receptor Cxcr3.2, the zebrafish counterpart of human CXCR3 (39). While 539 a certain level of macrophage recruitment during Mm infection is necessary to restrict infection (70), 540
Mm bacteria also take advantage of the arrival of new macrophages at infection foci as this promotes 541 spreading of the infection (37). In line with these considerations, we have previously found that 542 deficiency in the receptor for Cxcl11aa, Cxcr3.2, limits the expansion of Mm in granulomas (39). A 543 similar phenotype has been found upon depletion of Mmp9, another host factor required for 544 macrophage recruitment (38). Therefore, high and sustained induction of cxcl11aa is likely to have an 545 adverse effect on the control of Mm infection by the zebrafish host. On the other hand, the robust 546 induction of this M1 polarization marker makes the cxcl11aa gene a prime candidate to expand the 547 collection of zebrafish reporter lines for studying macrophage activation. 548
In conclusion, the transcriptome analyses reported here present a unique and detailed genetic 549 profile of zebrafish larval immune cells, thereby providing a valuable resource that can be data mined 550 to verify the expression of specific genes in the profiled cell types or to identify novel genes of 551 interest and potential cell-specific markers. In future work single cell RNA sequencing technology will 552 be useful to interrogate the heterogeneity in expression profiles of resting and activated 553 macrophages. 554
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